The replication of Sindbis virus was studied in primary chick embryo fibroblasts treated with actinomycin D. The cellular site of viral RNA and coat protein synthesis was found to be localized in the cytoplasmic reticulum. Two different species of RNA were identified in association with the reticulum, namely a double-stranded RNA with a sedimentation constant of 20 S and RNA with a sedimentation constant of 25 S. The single-stranded RNA molecules extracted from the 130 S virus particles had a sedimentation coefficient of 4 ° S. The time course of the association of viral RNA and coat proteins demonstrated that both components appear simultaneously in the I3O S viral ribonucleoprotein particles within I5 rain.
INTRODUCTION
Infection of animal cells with picornaviruses results in the formation of doublestranded RNA molecules (Montagnier & Sanders, I963; Baltimore, Becker & Darnell, I964; Bishop, Summers & Levintow, I965; Erikson & Franklin, I966; Plagemann & Swin, I966) . These molecules serve as templates for the synthesis of single-stranded viral RNA by the formation of double-stranded and replicative intermediate molecules (Erikson, Fenwick & Franklin, I964; Baltimore & Girard, I966) .
Part of the newly synthesized single-stranded RNA molecules associate with cellular ribosomes and serve as templates for viral protein synthesis, and part become coated with viral proteins to form virus particles (Penman, Becker & Darnell, I964) . It has been demonstrated that arbovirus RNA synthesis in infected chick embryo fibroblasts resembles in principle that of picornaviruses (Sonnabend et aL I964; Friedman, Levy & Carter, 1966 ) . The present study deals with the intracytoplasmio localization in infected chick embryo fibroblasts of Sindbis virus RNA, and with the time course of synthesis of the different viral RNA species, coat proteins and virions. Similar experiments, made independentlywith Semliki Forest virus, were recently published by Friedman & Berezesky (I967) .
METHODS
Cells. Primary chick embryo fibroblasts were prepared as previously described (Becker, I967) . Monolayer cultures were used on the fourth day after seeding of cells.
Virus. Stocks of Sindbis virus were prepared in chick embryo fibroblasts by infecting the cell cultures with seed virus and harvesting the cells when the cytopathic effectwas maximal. The virus preparations were frozen at -20 °. The virus titre was determined by plaque assay on chick embryo fibroblast monolayers in 60 ram. Falcon Petri dishes grown in Eagle's medium (Eagle, I959) .
Radioactive isotopes. [aH]uridine and uridine-2-[14C] (obtained from New England
Nuclear Corp., specific activity 0"25 mc/o'oI29 rag. and 30 me/m-mole respectively) were used at a concentration of I to 5 #c/5 x io e ceils.
[14C]Yeast protein hydrolysate (obtained from New England Nuclear Corp., specific activity I'39 me/rag.) was used at a concentration of 2o/~c/5 x io e cells in Eagle's medium (Eagle, I959) containing I/4o the concentration of amino acids.
Infection of cells.
Monolayers of chick embryo fibroblasts were concomitantly treated with actinomycin D (I/~g./ml.) (kindly donated by Merk, Sharp & Dohme, Rahway, New Jersey, U.S.A.) and infected with Sindbis virus at a multiplicity of Io p.Lu./cell. The virus was allowed to adsorb to the cells for I hr, after which unadsorbed virus was removed and fresh medium containing actinomycin D added (zero time) and the cultures incubated at 37 °. Protein synthesis was inhibited by puromycin (Nutritional Biochemicals Co., U.S.A.) at a concentration of 5o/~g./ml.
Fraetionation of cells.
The infected and control cultures were harvested by scraping with a glass rod into cold RSB buffer (Penman et al. I964) and disrupted in a Dounce homogenizer. The nuclei were removed by centrifugation for 2 rain. at moo rev./min. The cytoplasm was removed and used for analysis. Samples were taken from both the total call homogenate and the cytoplasmic fraction to determine the amount of radioactivity precipitable in trichloracetic acid. The cytoplasmic fractions were centrifuged in sucrose gradients 05 to 30 %) for 2½ hr at 24,5oo rev./min, at 6 °. The gradients were collected through a Gilford spectrophotometer and the E 260 was automatically recorded. The material at the bottom of the centrifuge tube which contained the cytoplasmic reticulum was removed.
Isolation and characterization of RNA. At different times after infection the infected cells were dissolved in buffer containing 0"5 % sodium dodecyl sulphate. The cytoplasmic fractions, before or after sucrose gradient analysis, were also treated with the detergent to release the cellular and viral RNA. The RNA was analysed in sodium dodecyl sulphate sucrose gradients (I5 to 30 %), prepared in sodium dodecyl sulphate buffer (Gilbert, I963) and centrifuged in the SW 25 . I rotor of the model L-2 Beckman ultracentrifuge for I8 hr at 24,50o rev./min. The gradients were collected through the Gilford spectrophotometer, the E 260 was recorded and the radioactivity in each fraction determined. In order to characterize the viral RNA present in the infected cell cytoplasm, the cells were labelled with radioactive uridine for different time intervals and the viral RNA was isolated in sodium dodecyl sulphate sucrose gradients. The RNA soluble in 2 M-NaC1 (Montagnier & Sanders, I963) was separated from the insoluble RNA by centrifugation for 20 min. at I7,OOO rev./min, at 6 ° in the No. 5o rotor of the Beckman model L-2 preparative ultracentrifuge. The insoluble RNA was dissolved in oq % sodium dodecyl sulphate buffer and both soluble and insoluble RNA species were treated with I/zg./ml. RNase (Worthington Co., U.S.A.) at 4 ° (Baltimore & Girard, I966) . At various times samples were removed, treated with trichloracetic acid, collected on Millipore filters and the amount of radioactivity determined. (Penman et aL I964) . The gradients were centrifuged for 2½ hr at 24,500 rev./ min. at 5 °, collected through the Gilford spectrophotometer and the E 260 recorded. The radioactivity in each fraction was determined after precipitation with trichloracetic acid. 
Analysis of the cytoplasmic fractions.
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RESULTS
Synthesis of Sindbis virus and viral RNA
The time course of Sindbis virus formation was determined in the presence and absence of actinomycin D (Fig. I) . The virus yield in the chick embryo fibroblasts treated with actinomycin D was ten times higher than in untreated cells (Fig. I A) , similar to the effect of actinomycin D previously reported for Chikungunya virus (Heller, 1963) . These results indicate that under these experimental conditions actinomycin D enhanced virus replication. The synthesis of viral RNA was inhibited by puromycin (5o #g./ml.; Fig. I B) and was therefore dependent on the synthesis of new enzymes.
In order to isolate the different RNA species synthesized in infected actinomycin D treated cells, the ceils were labelled with radioactive uridine and samples were withdrawn at 2 and 3 hr after infection. The cells were dissolved in sodium dodecyl sulphate buffer and analysed in sodium dodecyl sulphate sucrose gradients ( in the region of about 20 to 25 S. The amount of radioactivity in this RNA species was higher 3 hr after infection and thereafter. Three hr after infection a detectable peak of radioactivity with a mean sedimentation coefficient of 40 S was also evident. This RNA resembled single-stranded RNA molecules isolated from Sindbis virus particles. 
lntracytoplasmic localization of viral RNA
To determine the distribution of viral RNA in the cytoplasm of actinomycin Dtreated infected cells, the cells were labelled with radioactive uridine for 4 hr. The cytoplasmic fractions were separated and analysed in sucrose gradients (Fig. 3) . The optical extinction pattern revealed a peak of ribosomes (74 5:) and only a shoulder of absorbence in the region of the polyribosomes. This was due to the association of about 50 % of the cytoplasmic ribosomes with membranes of the cytoplasmic reticulum (Becker, I967) . The latter sediment through the sucrose gradient to the bottom of the centrifuge tube. The profile of radioactivity indicated the presence of virus specific RNA in the pellet of the gradient and a peak of radioactivity in the region of I3o S and also in the region of the 60 S subribosomal units. (Fig. 3 a--d) . H, Radioactivity;
., E 260.
The viral RNA species present in the different regions of the sucrose gradient were pooled and analysed. They included the RNA from the pellet (Fig. 3 a) , the region of polyribosomes (Fig. 3b) , the region of z3o S (Fig. 3c ) and the RNA with a mean sedimentation coefficient of 60 S (Fig. 3 d) . These samples were treated with sodium dodecyl sulphate and the S value of the released RNA molecules was determined by analysis in sodium dodecyl sulphate sucrose gradients (Fig. 4) . (a) Viral RNA present in the pellet of the cytoplasmic fraction sedimented with a peak at 25 S (Fig. 4A) ; (b) in the region of the polyribosomes, the viral RNA consisted of 40 S and 25 S molecules (Fig. 4B) , (c) most of the radioactive RNA present in the I3O S region of the gradient had a sedimentation constant of 4o S but a species of 25 S was also found (Fig. 4 C) and (d) the RNA found in the region of 60 S was composed of RNA molecules varying in distribution between 25 S and I2 S (Fig. 4D) . In all four gradients no radioactivity sedimented to the bottom of the centrifuge tube.
o4-2 z. BEN-ISHAI, N. GOLDBLUM AND Y. BECKER RNA molecules with a sedimentation constant of 40 S, resembling the single stranded RNA molecules present in virus particles (Friedman et aL I966) , were found mainly in the I3O S region but also in the heavier part of the gradient. The latter might have been due to contaminating 130 S particles or from mature virus particles present in this region (Friedman & Berezeski, 1967) . The 25 S RNA molecules were found in the different regions of the gradient (Fig. 4) . However, in the pellet most of the radioactivity was in the 25 S RNA, while in the 13o S region most of the radioactivity was in the 4 ° S RNA species. Analysis of the RNA sedimenting with a peak at the 60 S region (Fig. 4 D) demonstrated 25 S RNA and also RNA species with a peak at I2 S. 
The site of RNA and protein synthesis in the infected cytoplasm
To characterize further the viral RNA which sedimented with the cytoplasmic reticulum, the infected cells were pulse-labelled 4 hr after infection with tritiated uridine for 5 min. followed by [14C]protein hydrolysate for 30 sec. The cytoplasm of the cells was isolated, centrifuged in sucrose gradients and the site of incorporation of the radioactive precursors was determined. Most of the radioactively labelled RNA and proteins were localized in the pellet, demonstrating that the structures sedimenting to the bottom of the centrifuge tube contained the template for RNA synthesis and the virus specific RNA polymerase, thus representing the cellular site of viral RNA replication; and ribosomes incorporating amino acids into nascent peptides (Fig. 5) . Viral m-RNA which directs protein synthesis was thus associated with the ribosomes bound to the cytoplasmic reticulum. Part of the newly synthesized peptides are viral while the rest might represent proteins of cellular origin.
The nature of the viral RNA associated with the reticulum
The viral RNA present in the pellet of the cytoplasmic fraction, consisting mainly of 25 S molecules (Fig. 4A) , was isolated and dissolved in 2 M-NaCI. Part of the RNA (40 %) was found to be soluble in the high salt concentration and was separated from (Fig. 6) . The RNA molecules soluble in 2 M-NaC1 were analysed in sucrose gradients and sedimented as 20 S molecules and were highly resistant to RNase treatment (Fig. 7) . The viral species associated with the cytoplasmic reticulum were therefore of 2 types: double-stranded RNA molecules with a sedimentation coefficient of 20 S, resistant to RNase treatment and soluble in 2u-NaC1, and singlestranded 25 S RNA molecules, insoluble in NaC1 and sensitive to RNase treatment. About 20 % of the 25S single stranded RNA (Fig. 6 ) was resistant to RNase treatment and precipitable by trichloracetic acid. This might indicate that some 25 S RNA molecules may therefore have been degraded by RNase into nucleotide chains precipitable by trichloracetic acid.
Time course of the formation of x3o S particles
The replication of viral RNA as well as protein synthesis were found to be localized in the cytoplasmic reticulum (Fig. 5) . In order to study the time course of the formation of the virus particles with a sedimentation constant of I3o S, infected cells were labelled for 5 (Fig. 8A), I5 (Fig. 8B ) and 30 min. (Fig. 8 C) with both tritiated uridine and [a4C]protein hydrolysate. Within I5 min. both radioactive proteins and viral RNA started to appear in the 130 S region of the sucrose gradient, indicating that viral RNA was coated with the specific coat proteins. The coating of the viral RNA therefore took about IO to I5 min. The amounts of radioactive proteins and RNA in the pellet gradually increased with time (Fig. 8B, C) and also in the newly formed 13o S partitles. The latter, containing 4 ° S viral RNA, could not be detected in the cytoplasmic reticulum but sedimented in a distinct band in the sucrose gradient.
DISCUSSION
The experiments presented in this paper provide information regarding the cellular site of synthesis of Sindbis virus in chick embryo fibroblasts. The results confirm and extend the recent findings of Friedman & Berezesky (i967) on the replication of Semliki Forest virus.
Information regarding the replication of RNA viruses in animal cells comes mainly from the study of poliovirus by Penman et al. (I964) , who found that the viral RNA and proteins were synthesized within membraneous structures in the cytoplasm of infected HeLa cells. In contrast to these cells, the chick embryo fibroblasts, in which Sindbis virus replicates, are diploid ceils containing a cytoplasmic reticulum to which about 50 % of the cytoplasmic ribosomes are attached (Becker, t967) . We have now shown that the viral RNA and proteins are synthesized in conjunction with the cytoplasmic reticulum. This finding indicates that the viral RNA polymerase, the replicative forms of viral RNA as well as the viral genomes which serve as messengers for protein synthesis are localized in or associated with the cytoplasmic reticulum. The association of the virus specific RNA polymerase with the reticulum was recently demonstrated by Martin & Sonnabend (1967) .
Analysis of the RNA synthesized in actinomycin D-treated chick embryo ceils infected with Sindbis virus demonstrated the presence of RNA with a sedimentation constant of 25 S before the synthesis of 4o S viral genomes. The isolation and analysis of the cytoplasmic reticulum by zone centrifugation in sucrose gradients demonstrated that the 25 S RNA sediments with the reticulum. Further analysis of this RNA species according to its solubility in NaC1 and resistance to RNase treatment demonstrated that it is not homogenous and can be separated at least into two different virusspecific RNA species: (z) double-stranded RNA with a sedimentation constant of 20 S, soluble in 2 M-NaC1 and almost completely resistant to RNase treatment, similar to the findings of Sonnabend and co-workers (Sonnabend et al. I964; Mdcs et al. I967) and Friedman et al. (I966) with Semliki Forest virus; (2) RNA species insoluble in a high salt concentration with a sedimentation constant of 25 S sensitive to RNase. This RNA species might be the viral messenger RNA. All viral RNA species were found to be synthesized in association with the cytoplasmic reticulum. However, the coated RNA molecules do not associate with the reticulum but band in a separate region (x3o S) of the sucrose gradient. It was found that within :o to I5 min. Sindbis virus RNA is coated with the viral specific protein coat to form the ribonucleoprotein particles which have a sedimentation constant of I3O S. The RNA released from such particles has a sedimentation constant of 4o S. The viral RNA molecules which serve as messengers have an S value of 25, are single stranded and isolated from the cytoplasmic reticulum, which represents the site of protein synthesis (Fig. 5) . A similar situation was described for poliovirus, namely, viral RNA released from particles had a sedimentation constant of 35 S while RNA extracted from the viral polyribosomes had a sedimentation constant of about 28 S (Penman et al. :964) . The discrepancy in the sedimentation constant of these two RNA species might be due to a different molecular configuration (Hofschneider, Amman & Francke, I966) The results presented in Fig. 8 demonstrate that labelled proteins do not associate with the RNA present in the 60 S region in the sucrose gradient. Analysis of the 60 S RNA demonstrated the presence of 25 S RNA and also RNA with a mean sedimentation constant of I2 S. These might indicate that the 60 S region represents either viral RNA associated with subribosomal units or aggregation of RNA molecules. Further work is needed to characterize the 60 S region.
The site and sequence of Sindbis virus replication are similar to those reported for poliovirus (Girard, Baltimore & Darnell, :967) . Four hr after infection Sindbis virus RNA and coat proteins are incorporated into the I3o S particles of Sindbis virions within :o to :5 rain. The assembly of the virions from their components is faster than that of poliovirus (Penman et al. I964) . The short time necessary for the formation of the ribonucleoprotein particles (I3o S) of Sindbis virus indicates that the viral RNA and coat proteins are synthesized in close proximity, enabling the prompt incorporation of the two components into the virions. The I3o S viral particles presumably represent immature virus particles described by Morgan, Howe & Rose (I96I) . These particles obtain the lipid membrane during an additional maturation step of interaction with cytoplasmic membranes. The mode of association of viral RNA with the cytoplasmic ribosomes, the association of the latter with the cytoplasmic reticulum and the final stages of virus formation are under investigation.
